In this brief review, we discuss our previous research on the relationship between the bacterial composition of salivary microbiota and periodontal disease. Analysis using a terminal restriction fragment length polymorphism method and an international comparison suggest that the predominance of the genera Prevotella and Veillonella in the salivary microbiota is attributable to periodontal disease conditions, and that the predominance of the genus Neisseria indicates healthy periodontal conditions. Furthermore, we recently used next-generation sequencing technology to perform a detailed largescale analysis of the salivary microbiota. An important finding of that study was that high bacterial richness in the salivary microbiota was significantly associated with poor oral health, as indicated by decayed teeth, periodontitis, and poor oral hygiene. Another important result was that relative abundance of predominant bacteria in saliva was significantly associated with oral health-related conditions. Of the two different cohabiting groups of bacteria found in the salivary microbiota, a greater relative abundance of group I bacteria, which include Prevotella and Veillonella species, was associated with poor oral health, high body mass index, and old age. These findings suggest that the salivary microbiota reflects oral and systemic conditions.
Introduction
The oral microbiome was first recognized by the Dutchman Antony van Leeuwenhoek, using a microscope of his own construction. In the late 1670s he reported to the British Royal Society that various forms of microbes were present in plaque found on tooth surfaces. This observation came at a time when bacteriology was not yet established, and he was immensely fascinated by the kineticism of the microbiome. His report described individual differences in the oral microbiome, and although he did not refer to it directly he realized that individual differences in the microbiome influenced the health of the oral cavity. Unfortunately, it would be 200 years before we developed a systematic theory that showed how the microbiome is related to disease in the oral cavity.
The American dentist W.D. Miller studied the association between oral microbes and oral diseases in a small laboratory in Berlin in the late 19th century. He was motivated by R. Koch, who, at about the same time, had been reporting cutting-edge results in studies of the association between microbes and infectious diseases. In his book, The Micro-organisms of the Human Mouth, Miller proposed the "chemicoparasitic theory", which held that the main cause of dental caries was acid metabolized from sugar in food by oral microbes. However, he failed to identify cariogenic bacteria and focused on acids as bacterial metabolites rather than on the bacteria that produced these metabolites. Until the mid-20th century, it is believed that his theory misled his successors, who categorized the Lactobacillus species as cario-genic bacteria, in accordance with Koch's hypothesis. However, was it correct to pursue a specific bacterium as the cause of oral diseases affected by a complex oral microbiome? Was it wrong for Miller to identify a cariogenic bacterium that would reflect the true cause of oral diseases? His chemicoparasitic theory had features in common with more recent microbiome disease concepts. In addition, descriptions of the association between oral microbes and systemic health in The Micro-organisms of the Human Mouth remind us of the recent concept of periodontal medicine and aspiration pneumonia, and reflect his important scientific insights.
Dental researchers regard the discoveries of mutans streptococci (1) , in the middle of the 20th century, and the specific periodontal pathogens Aggregatibacter actinomycetemcomitans (2) , Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia (3), thereafter, as elements of the classical infectious etiology proposed by Koch. However, mutans streptococci are not frequently detected in dentin lesion caries. In addition, P. gingivalis, the most promising pathogenic candidate for periodontitis, affected periodontal tissue destruction in specific pathogen-free mice but not to a significant extent in germ-free mice. P. gingivalis is thus now regarded as a keystone bacterium that determines the virulence of the overall oral microbiome in periodontitis rather than as a pathogen directly destructive to periodontal tissue (4) . Although other candidate periodontal pathogens are frequently detected in periodontal lesions, causal relationships are difficult to demonstrate, and we cannot exclude the possibility that these bacterial species proliferate while adapting to the environment of deep periodontal pockets. The pathogenicity of mutans streptococci and specific pathogens remains controversial, and the classical infectious etiology of Koch cannot explain fully the cause of oral diseases, dental caries, and periodontitis.
More than 700 bacterial species inhabit the oral cavity and make up the oral microbiome (5-7), and we cannot ignore the existence of the oral microbiome when considering bacterial virulence. Although each species in the microbiome exhibits lower virulence as compared with mutans streptococci or the previously mentioned candidate periodontal pathogens, cell numbers may be higher for less virulent species than for species with greater virulence. Alternatively, the interaction among bacterial species in the oral microbiome may regulate expressions of virulence factors in species with greater virulence. Therefore, mere accumulation of a higher virulence species is insufficient to determine the virulence of the overall microbiome. This is the concept of virulence of the oral microbiome, and it warrants comprehensive analysis.
What is the oral microbiome?
The oral cavity is the initial part of the digestive tract and is followed by the esophagus, stomach, intestine, and colon. The composition of the microbiome is different in each part of this tract and depends on the unique environment of the digestive organ (8, 9) . Among digestive organs, the oral cavity is unusual because of the presence of teeth and hard tissues. In addition, oral mucosa is composed of covering mucosa (oral floor, buccal region, labial region, soft palate), masticatory mucosa (gingival region and hard palate), and specialized mucosa (tongue dorsum). Although the entire oral mucosa is covered by a layer of squamous epithelium, each structure is distinctive. The covering mucosa is covered by non-keratinized epithelium, while the masticatory mucosa is covered by keratinized epithelium. The surface of specialized mucosa comprises several types of papilla and has a complex structure. Different niches, including tooth surfaces, form within the oral cavity and have varied microbiome compositions, due to the distinct environmental conditions at each site. The bacterial composition of plaque on tooth surfaces differs between the supragingival and subgingival regions (10) . In addition, the extent of the difference in composition is positively correlated with periodontal pocket depth and periodontitis progression (11) . Furthermore, the bacterial composition of saliva includes bacteria detached from various niches in the oral cavity and resembles that of the tongue coating (8, 9, 12, 13) .
Alternatively, we need to consider temporal changes in the microbiome (14) when we examine individual specificity in microbiome composition. Temporal changes during supragingival plaque formation vary among individuals (15) . Therefore, if a representative sample of plaque is required on one occasion, plaque maturity should be determined. Without information on plaque maturity, a sample of tooth surfaces is insufficient for analyzing the association between bacterial composition of plaque and health conditions. Specifically, when comparing bacterial composition of the microbiome, as a single variable, with a health condition, it is important to know two other sample variables: the sampling site and maturity. Because sampling the oral microbiome is easier than sampling other regions of the digestive tract, it is often the focus of analysis, both for dental researchers and microbiologists in other fields. However, if the above conditions are not considered, the analysis may yield inaccurate conclusions. We emphasize that, to understand the association between the oral microbiome and overall health, it is important to define the oral microbiome and recognize the complexity of the oral cavity.
The salivary microbiome and its relationship with periodontal diseases
When considering direct relationships between the microbiome and oral lesions (e.g., dental caries and periodontitis), the bacterial composition of dental plaque should be the focus because these lesions are directly exposed to dental plaque. Pathogens responsible for dental caries and periodontitis are believed to be located in supragingival and subgingival plaque, respectively. Removal of dental plaque is the fundamental measure for preventing oral disease. However, the oral microbiome may regulate the virulence of specific bacteria in dental plaque. Furthermore, accumulation of virulent bacteria should be considered for a bacterium with a large relative abundance, even if its individual virulence is quite low. The microbiome in saliva is shed from various niches in the oral cavity and appears to be representative of the overall oral microbiome. We previously analyzed microbiome saliva from 200 subjects and compared the results with periodontal health conditions (16) . The analysis was performed by using a terminal restriction fragment length polymorphism (T-RFLP) method (17) in which amplicons from the 16S rRNA gene were digested with a restriction enzyme. Fluorescence-labeled terminal fragments were then separated and detected by capillary electrophoresis. Although the T-RFLP method has been superseded by next-generation sequencing and rapidly improved molecular genetic methods, it was a powerful molecular genetic technique. In addition, the results obtained with our modified T-RFLP method (18) are roughly equivalent to those obtained by next-generation sequencing technology in our recent analyses. Therefore, we will discuss the results of our T-RFLP analysis of the association between the salivary microbiome and periodontitis.
Peak patterns from the saliva of the 200 subjects were obtained with the T-RFLP method. The data were then cluster-analyzed and classified into three clusters (I, II, and III) by using partitioning around medoids clustering. Principal component analysis of the similarity of peak patterns clearly showed that these three clusters were separate and were characteristically plotted on a twodimensional plane. Peaks characterizing cluster I were assigned to the genera Prevotella and Veillonella, those characterizing cluster II were assigned to the genus Streptococcus, and those characterizing cluster III were assigned to the genera Porphyromonas and Neisseria/ Haemophilus/Aggregatibacter. Samples representing each cluster were analyzed with the clone library method, and the results were consistent with those obtained by our improved T-RFLP method. This suggests that our T-RFLP method yielded reliable and accurate data on microbiome composition. Periodontal health condition was compared among these three clusters. On the basis of periodontal pocket depth and gingival bleeding, periodontal tissue condition was healthiest in cluster III and least healthy in cluster I. Pocket depth was similar in clusters I and II, but the number of bleeding sites was lower for cluster II than for cluster I.
These results have not been readily accepted by many dental researchers because the microbiome in saliva significantly differs from that of subgingival plaque, and subgingival tissue is not directly exposed to the microbiome of saliva. In fact, many reviewers of our report raised criticism about why we evaluated the microbiome of saliva but not that of subgingival plaque. Subsequently, we confirmed the association between the saliva microbiome and periodontal health in a comparison of Japanese and Korean populations (19) . National surveys of dental health in Japan and Korea revealed that periodontal health was better in Korea, even though socioenvironmental factors related to periodontal health (e.g., oral hygiene behavior, smoking habit, number of dentists per capita, and coverage of dental therapy by public health insurance) were more favorable in Japan. We hypothesized that oral environment rather than the above socioenvironmental/socioeconomic factors was responsible for the observed differences in periodontal health conditions between Japanese and Koreans. The most promising candidate in the oral environment was the salivary microbiome, and we therefore compared the bacterial composition of the salivary microbiomes in the Japanese and Korean cohorts.
In that analysis, we selected orally healthy subjects from two cohort studies, because oral health conditions greatly affect the bacterial composition of the salivary microbiome. The two orally healthy populations from Japan and Korea exhibited different salivary microbiome patterns: Neisseria and Haemophilus were more prevalent among Koreans, while Prevotella and Veillonella were more prevalent among Japanese. Interestingly, this difference was identical to that observed between clusters III and I in the Japanese population described above. That is, the salivary microbiome of Koreans was most like cluster III while that of Japanese was most like cluster I, even though both populations were orally healthy. These results suggest that the salivary microbiome, which reflects the oral environment, indirectly affects periodontal health. However, differences in the microbiome are not derived from an "all-or-nothing" relationship among specific bacteria. The clustering of the microbiome is believed to be due to differences in the relative abundance of bacteria common to both clusters. This is reflected in the difference in the microbiomes of the Japanese and Korean cohorts. Thus, a healthy microbiome is achieved by comprehensive overall regulation of bacterial species, not by elimination of specific virulent bacteria.
The mechanisms by which differences in the salivary microbiome affect periodontal health are not well understood. However, if our hypothesis is correct, elimination of microbiota on tooth surfaces (e.g., subgingival and supragingival plaque) is insufficient to control periodontal health. Instead, periodontal therapy should direct the salivary microbiome toward healthy patterns. There are no effective measures to control the microbiome in saliva; however, controlling tongue coating may be a promising periodontal therapy, given the similarity of the salivary microbiome and tongue coating. Nevertheless, international comparisons of socioeconomic status might help identify environmental factors that affect the difference in salivary microbiomes and provide insights useful for programs in periodontal disease prevention, such as restriction of sucrose consumption and fluoride application for dental caries prevention.
Large-scale analysis of the Japanese salivary microbiota
Recently, we performed a large-scale populationbased study of the salivary microbiome to confirm the above-mentioned evidence on oral health conditions and examine the effects on systemic conditions (20) . We collected saliva from residents of Hisayama Town, Japan, and used the 16S rRNA gene and next-generation sequencing technology (Ion PGM) to determine microbiota composition in 2,343 adults aged 40 years or older. An important finding was that high bacterial richness in a salivary microbiome was significantly associated with poor oral health, including the presence of decayed teeth, periodontitis, and poor oral hygiene. This result is understandable and was expected because pathogenic plaque bacteria in diseased sites additionally shed into saliva. In fact, a variety of well-known pathobionts, including S. mutans and P. gingivalis, were more frequently identified in the salivary microbiota of individuals with poor oral health. A novel finding was that relative abundances of predominant bacteria in saliva were significantly associated with oral health-related conditions. Most organisms in the salivary microbiota are present in almost all individuals, including Streptococcus, Neisseria, Rothia, Prevotella, Actinomyces, Granulicatella, Porphyromonas, Haemophilus, and Porphyromonas species (Table 1) . Data on bacterial composition for the 2,343 participants suggest that these predominant organisms comprise two different cohabiting groups of bacteria: II) . The clustering approach classified the composition of the salivary microbiota into two types (community types I and II), which had different relative abundances of these bacterial cohabiting groups. A larger relative abundance of bacterial cohabiting group I was associated with poorer health conditions (Fig. 1) . This result was consistent with our previous findings from the T-RFLP approach and added detailed information on the salivary microbiota. Furthermore, a significant relationship was observed between their predominance and systemic conditions, such as high body mass index and old age, even after controlling for confounding effects in multivariate analysis. These results suggest that the salivary microbiota reflects both the oral and systemic condition of an individual. The overall composition of the oral microbiome was revealed by a comprehensive molecular approach based on bacterial DNA. However, the role of each organism in the oral microbiome, especially bacteria without an apparent virulence factor, is not fully understood. The relationship between overall health and the balance of the cohabiting groups of common predominant bacteria is a topic that requires further investigation. In this article, we discussed the relationship of the salivary microbiota with periodontal health and systemic conditions. The recent rapid development of molecular genetics in high-throughput DNA sequencing enables us to grasp important aspects of the oral microbiota and its association with oral and systemic health. These studies may lead to promising dental treatments and interventions to manage the bacterial composition of the oral microbiome.
